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Thermogalvanic corrosion of copper in heavy brine LiBr solutions has been investigated 
using a zero-resistance ammeter (ZRA). The temperature gradients between copper 
electrodes immersed in the same LiBr solution result in the formation of thermogalvanic 
cells with hot anodes, leading to high and sustained thermogalvanic currents. Copper 
loss rates, calculated using Faraday’s law, substantially exceed 0.025 mm year-1, a value 
regarded as the threshold of low corrosion rates. The effects of thermogalvanic coupling 
on the surface properties of the anode and the cathode have been analysed by means of 
electrochemical impedance spectroscopy (EIS). The results obtained in this analysis 
have been related to the process of copper electrodissolution in bromide media. 
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INTRODUCTION 
In recent years, interest in absorption refrigeration technology has been growing 
because these systems use pairs of refrigerants and absorbents which do not deplete the 
ozone layer. Moreover, waste heat or solar energy can be used for their operation, thus 
helping to control global warming [1-3]. Lithium bromide (LiBr) solutions are widely 
used as refrigerants for absorption-type air-conditioning and industrial drying systems 
due to their good thermodynamic properties [3-6]. 
 
Copper has been used as the structural material of heat exchangers because of its 
excellent thermal conductivity and good corrosion resistance. Refrigeration systems 
based on absorption phenomena include copper and copper alloys in the system design 
[5, 7-9]. Since it is impossible to design heat exchangers where all the surfaces are 
isothermal, temperature differences on the same metal surface in contact with the same 
electrolyte solution can produce sufficient electrode potential differences to give rise to 
the formation of a thermogalvanic cell, which leads to thermogalvanic corrosion. 
Electrode potentials change with temperature, but temperature changes may also affect 
the kinetics of dissolution, in particular activation-controlled processes. Boden [10] 
reported that the electrode potential of copper electrodes in a NaCl solution became 
more anodic as temperature increased, creating a substantial thermogalvanic corrosion 
cell and enhancing corrosion rates. Bell et. al. [11] also obtained hot anodes when 
investigating thermogalvanic corrosion of copper pipes in a 3% NaCl solution. 
 
 Bromide solutions are highly corrosive and attack the copper parts of the absorption 
system [7-9, 12-16]. Thus, the existence of zones with different temperatures inside the 
heat exchangers can aggravate the corrosion of copper in the LiBr solutions. 
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Furthermore, the presence of Cu
2+
 in lithium bromide refrigerants resulting from the 
corrosion of copper equipment can cause the galvanic corrosion of ferrous parts in 
absorption systems [6]. 
This work studies the thermogalvanic behaviour of copper in heavy brine LiBr solutions 
imposing temperature gradients up to 75 degrees. 
 
 
EXPERIMENTAL PROCEDURE 
 
The working electrodes were copper cylindrical probes (99.9% purity), 8 mm in 
diameter, with a total surface area of 0.5 cm
2
, covered with a 2-mm 
polytetrafluoroethylene (PTFE) coating. The electrodes were wet abraded using 500-, 
1000- and 4000-grade silicon carbide (SiC) emery papers, and rinsed with distilled 
water. Aqueous solutions of 400 g/l (4.61 M), 700 g/l (8.06 M) and 992 g/l (11.42 M) 
LiBr were used. 
 
The polarisation tests were determined using an Autolab PGSTAT302N potentiostat, in 
the three LiBr solutions mentioned above (400, 700 and 992 g/l LiBr), at four different 
temperatures (25, 50, 75 and 100º C; the maximum temperature in the 400 g/l LiBr 
solution was 75º C, since at 100º C the solution showed signs of boiling). The potentials 
of the working electrode were measured against a silver-silver chloride (Ag/AgCl 3M 
KCl) reference electrode. The auxiliary electrode was a platinum (Pt) wire. Dissolved 
oxygen was removed from the LiBr solutions by bubbling N2 and the purging continued 
during the tests over the electrolyte. Polarisation tests began at a potential value of –50 
mVAg/AgCl with respect to the open circuit potential and the potential was subsequently 
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scanned anodically to 1 VAg/AgCl at a scanning rate of 0.5 mV/s. Corrosion current 
densities (icorr) and corrosion potentials (Ecorr) were estimated from these curves and 
information about the general electrochemical behaviour of copper in the LiBr solutions 
at different temperatures was obtained. 
 
The experimental arrangement used to study thermogalvanic corrosion is shown in 
Figure 1. The temperature difference between each half-cell is obtained by cooling 
directly one side and heating the other side using two thermostated baths. Electrolytic 
contact is achieved through a sintered glass membrane (porosity 3, with an internal 
resistance of 5-10 Ω) fitted between the two compartments. The sintered glass 
membrane acts as a thermal and diffusional barrier between both half-cells, which 
prevents the hot and cold electrolytes from mixing and over which the stable 
temperature gradient occurs [17-22].  Thermogalvanic corrosion tests were performed at 
four different temperatures in the hot half-cell, namely 25, 50, 75 and 100º C (when 
using the 400 g/l LiBr solution, the maximum temperature was 75º C, since at 100º C 
the solution started boiling), while the cold half-cell was always at 25º C. Measurements 
were carried out in an inert atmosphere by purging N2 over the electrolyte solution, 
which was deaerated previously for 20 minutes. 
 
Thermogalvanic corrosion was studied by using the potentiostat as a Zero Resistance 
Ammeter (ZRA) (Figure 1). This procedure consists of connecting the cold and hot 
copper electrodes (WE1 and WE2, respectively) and recording current variations with 
time between them with the ZRA. Simultaneously, the potential of this couple is 
measured against a Ag/AgCl reference electrode. The sign convention of the ZRA was 
that when the hot electrode (WE2) was anodic with respect to the cold electrode (WE1), 
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the ZRA current was negative. ZRA current and potential data were recorded for 6 
hours. 
The EIS measurements were performed before and after the 6 hours of open circuit 
measurements (ZRA) at the open circuit potential value, in order to study the effects of 
the thermogalvanic couple on the electrolyte/metal interface. The voltage perturbation 
amplitude was 10 mV in the frequency range of 100 kHz to 10 mHz. The conditions of  
the EIS experiments were the same as those in the ZRA tests. 
 
 
RESULTS AND DISCUSSION 
Potentiodynamic tests 
 
Potentiodynamic polarisation curves for copper in the 700 g/l LiBr solution at different 
temperatures (25, 50, 75 and 100º C) are presented in Figure 2. These curves are 
representative of polarisation curves for copper in heavy brine LiBr solutions, so curves 
for copper in the 400 and 992 g/l LiBr solutions are not presented here. Different anodic 
regions can be observed in the curves, as reported in the literature for copper in halide 
solutions [7, 12, 15, 23-32]. 
Region 1: apparent Tafel behaviour region. 
 
Above the corrosion potential, Ecorr, there is a region of active copper dissolution known 
as apparent Tafel behaviour region, where current density increases linearly with 
potential with a slope close to 60 mV dec
-1
 [7, 12, 15, 24-27, 31]. The anodic process 
ocurring in this region is the formation of soluble complexes in the form of CuX2
-
 
(CuBr2
-
 in bromide solutions) and can be attributed to a two-stage process: a charge 
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transfer reaction at the electrode/electrolyte interface (eqs. 1a and 1b), and the diffusion 
of CuBr2
-
 from the electrode surface towards the solution bulk (eq. 2), according to [7, 
15, 23-26, 29-35]: 
 
                                                 -ads
- eCuBrBr Cu                                              (1a) 
                                                 
s
-
2
-
ads CuBrBrCuBr                                             (1b)  
                                                                
e
-
2s
-
2 CuBrCuBr                                                    (2) 
 
Where subscripts “ads”, “s” and “e” indicate adsorbed species, electrode surface and 
electrolyte, respectively. The process of copper dissolution is therefore under mixed 
control, that is, it is controlled both by the electrodissolution process and the diffusion 
of complex CuBr2
-
 species from the outer Helmholtz plane (OHP) towards the 
electrolyte through the diffusion layer [7, 23, 31, 36-39]. 
 
It can be observed in Figure 2 that current density values within this first region 
increase with increasing temperature. As it is widely known, charge and mass transfer 
rates increase with temperature; therefore, as temperature increases, the reactions 
described above are enhanced and current density values increase.  
 
Region 2: maximum and limit current density region. 
 
A current density maximum is observed beyond the apparent Tafel behaviour region. 
This current density peak and its subsequent decrease can be associated with the 
formation and growth of a porous and very insoluble layer of CuX (CuBr in bromide 
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solutions) on the copper surface [23-25, 31, 33, 34, 40-42], according to the following 
equations: 
                                                   -- eCuBrBr Cu                                                  (3) 
 
                                                 --2 e2CuBrCuBrCu                                             (4) 
 
The amount of CuBr increases with time, forming a layer that can make current density 
and, consequently, corrosion rate decrease, in spite of having no protective properties. 
The minimum value reached by current density after the peak indicates a maximum 
coverage of the surface by the CuBr layer [38]. As copper keeps reacting with bromide 
ions to form more CuBr, the reaction rate decreases and equals the diffusion rate of 
bromide ions from the bulk solution to the electrode surface. After that, bromide 
diffusion becomes the rate-controlling step and current density reaches an 
approximately constant value (limit current density) within a potential range [12, 25, 33, 
34, 38, 43]. Because of the high current density values recorded in this second region, 
the corrosion product layer cannot be regarded as a true passive film [37]. 
 
It is noteworthy that as the temperature of the solution increases, the current density 
peak is less discernible, disappearing at 100º C, where no current density minimum is 
observed. Moreover, current density values increase in this region with increasing 
temperatures. Therefore, it can be said that higher temperatures make the layer of CuBr 
weaker. 
 
Region 3: high potential region. 
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In the third region of polarisation curves, at potentials beyond the limit current density 
region, the CuBr layer undergoes further dissolution. Two competitive reactions have 
been suggested for this dissolution [24, 25, 34]: 
 
                                                    -2
- CuBrBrCuBr                                                   (5) 
and 
                                                 --2 eBrCuCuBr                                                  (6) 
 
Since solubility of CuBr is very low, its dissolution occurs mainly due to complexation 
reaction, eq. (5). At the same time, the complex species CuBr2
-
 dissolves to give Cu
2+
 
ions [15, 24, 34]: 
                                                     --2-2 eBr2CuCuBr 
                                        (7) 
 
In addition to the dissolution of the CuBr layer due to bromide ions action, at these high 
potentials the formation of Cu (II) species from CuBr and CuBr2
-
 takes place [15, 24-26, 
38, 44]. Among the predominant Cu (II) compounds at high potential values, copper 
oxide, CuO, is rather common [15, 40, 43]. 
 
 
From the potentiodynamic polarisation curves, corrosion potentials (Ecorr), corrosion 
current densities (icorr) and anodic Tafel slopes (βa) are obtained (Table 1). It can be 
observed that Ecorr shifts towards more negative values as temperature increases, 
indicating that copper becomes more active and more prone to undergo corrosion at 
higher temperatures. Regarding icorr, its value increases in general with temperature, 
since temperature favours the process of copper corrosion [43]. However, this tendency 
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is not valid at 100º C, since at this temperature icorr values are lower than at 75º C for the 
700 and 992 g/l LiBr solutions. This effect is related to the structural modifications that 
take place during the process of copper dissolution: as the temperature of the solution 
increases from 75º C to 100º C, the corrosion products formed on the electrode surface 
became more compact and less porous with temperature [43]. The value of the anodic 
Tafel slope, βa, is approximately 60 mV, which is in accordance with the values 
obtained in bibliography for the apparent Tafel behaviour region [7, 12, 15, 24-27, 31]. 
 
 
 Thermogalvanic corrosion 
Open circuit measurements (ZRA) 
Thermogalvanic corrosion between the cold and hot copper electrodes was evaluated by 
means of the ZRA technique, in the 400, 700 and 992 g/l LiBr solutions, imposing 
different temperature gradients (from 25 to 75 ºC in the 400 g/l LiBr solution and to 
100º C in the rest of solutions). The mean values of thermogalvanic current densities 
(ithm) and thermogalvanic potentials (Ethm), obtained for each hour of the test, are shown 
in Figures 3 and 4, respectively. 
 
In the 400 g/l LiBr solution, the anodic member of the thermogalvanic pair is the hot 
copper electrode, since the ithm values become negative as the temperature in the hot 
half-cell increases (Figure 3a). Moreover, the higher the temperature of the hot copper 
electrode, the more severe the thermogalvanic corrosion, since ithm increases (in absolute 
value). Thermogalvanic current density also increases (in absolute value) with coupling 
time, indicating that corrosion products are not able to protect the copper surface against 
dissolution.  
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In the 700 g/l LiBr solution, the hot copper electrode is the anode of the thermogalvanic 
pair and the increase of temperature favours this anodic behaviour, since ithm values 
increase with temperature (in absolute value) (Figure 3b) like in the 400 g/l LiBr 
solution. In the test performed at 25-50º C, the cold electrode is the anode during the 
first 3 hours of immersion, although a polarity reversal occurs after that due to the effect 
of temperature, speeding up the dissolution of the hot copper electrode. In the 25-75º C 
and 25-100º C tests, the anodic behaviour of the hot electrode is much more marked. It 
is worth noting that in the 25-75º C test, ithm values are higher than at 25º-100º C during 
the first 3 hours of coupling. As it has been mentioned above, at 100º C the corrosion 
product layer formed on the hot electrode surface can undergo structural modification, 
becoming more compact due to its dehydration favoured by a temperature increase [43]. 
At the end of the tests, ithm reaches more or less constant values, except at 25-100º C, 
where thermogalvanic current density keeps increasing with time (values of |ithm| higher 
than 130 μA cm-2). 
 
In the 992 g/l LiBr solution, the hot copper electrode is again the anode of the 
thermogalvanic pair and this behaviour is favoured when the hot half-cell temperature 
increases (Figure 3c), the same as in the other LiBr solution. 
 
In general, Ethm values decrease with increasing temperature in all the LiBr solutions 
(Figure 4). According to Ashworth and Boden [17] a decrease of the thermogalvanic 
potential with temperature is indicative of a hot anode. Besides, thermogalvanic 
potential values remain approximately constant during the six hours of coupling, 
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indicating that no passive state is reached, since in passive systems the value of Ethm has 
been reported to decrease with immersion time [18]. 
 
It can be seen from Figure 3 that ithm values are rather high after the six hours of 
thermogalvanic coupling, especially in the tests performed at 25-75º C and 25-100º C. 
These values are expected to increase (in absolute value) with thermogalvanic coupling 
time or, at best, to reach a steady state, which evidences an active corrosion process, as 
opposed to the decrease of ithm observed for passive systems [18]. This fact indicates 
that thermogalvanic corrosion of copper in LiBr solutions becomes more serious with 
coupling time, which could result in early system failure. Besides, thermogalvanic 
potential values are located in the region of apparent Tafel behaviour (Figure 2), where 
copper dissolution takes place according to eqs. (1) and (2), confirming the existence of 
an active corrosion process during thermogalvanic coupling. 
 
Severity of thermogalvanic action 
 
From Figure 3, thermogalvanic current density (ithm) values of copper can be converted 
to an equivalent corrosion penetration rate using Faraday’s equation. Thus, the rate of 
copper loss can be determined by: 
                                                   
nF
Mi
m
dt
dL thm                                                           (8) 
where m is the instantaneous corrosion rate of copper, ithm is thermogalvanic current 
density (obtained at the end of the sixth hour of thermogalvanic coupling), M is the 
atomic weight of copper (63.55 g mol
-1
), n is the number of equivalent exchanged 
electrons (1 according to eq. (1a)), F is Faraday’s constant (96485.34 C mol-1) and ρ is 
 12 
copper density (8.94 g cm
-3
). Table 2 shows the estimations of corrosion rates for 
copper in the three LiBr solutions at the different imposed temperature gradients. 
 
It can be seen in Table 2 that corrosion rates of copper are significantly higher than 
0.025 mm year
-1
 (which is generally regarded as the threshold of low corrosion rates 
and is related to passive systems) [45], especially in the 700 g/l LiBr solutions at 25ºC-
75ºC and 25ºC-100ºC. Moreover, it can be noticed from Figure 3 that in most cases, ithm 
values tend to increase (in absolute value) with time even after 6 hours of immersion, 
without reaching a steady state. Thermogalvanic corrosion will remain as long as 
temperature differences exist in the system, which is the operating situation in heat 
exchangers, leading to their rapid deterioration. Hence, unlike in passive systems [18], 
thermogalvanic corrosion of copper in heavy brine LiBr solutions is severe and must be 
taken into account when designing heat exchangers in absorption plants. 
 
Thermogalvanic potentials and Seebeck coefficient 
 
The thermogalvanic potential, Eth, is the electromotive force of a non-isothermal or 
thermogalvanic cell, and is the result of four main effects [18, 46-48]: (a) electrode 
temperature, (b) thermal liquid junction potential (TLJP), (c) metallic thermocouple and 
(d) thermal diffusion gradient or Soret effect. In practical systems, (c) and (d) are often 
very small [46-50]. In neutral and alkaline solutions, (b) may be small [47]; moreover, 
TLJP can be effectively reduced to a small value by using the sintered glass membrane 
as a separator between hot and cold half-cells. Thus, the major contribution to the 
thermogalvanic potential is the difference in metal/solution Galvani potentials [18, 47]. 
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The thermogalvanic potential can be expressed as follows: 
 
                                            00 ETEET
T
E
E thth 


                                     (9) 
 
where E0 is the cell potential when there is no temperature gradient (ΔT = 0). By 
analogy with thermoelectric phenomena, the gradient ∂Eth/∂T = E’ is defined as the 
Seebeck coefficient [18, 51-53] and can be calculated from the slope of the linear 
representation Eth vs ΔT. Seebeck coefficients provide the sensitivity of the 
thermogalvanic cell emf (thermogalvanic potential) to a variation of the temperature 
gradient present in the system. Thus, the higher the value of the Seebeck coefficient (in 
absolute value), the smaller the variation in temperature gradient required to generate 
large potential differences between the electrodes, and the more prone the metal to 
undergo thermogalvanic corrosion. 
 
Figure 5 shows the results of the experiments that evaluate the concentration 
dependence of the Seebeck coefficient for copper in the three LiBr solutions under 
study. The graphs show typical experimental measurements of Seebeck coefficients in 
thermogalvanic cells, since a linear relation is observed for all concentrations [18, 19, 
48, 50, 54, 55]. Seebeck coefficients are negative for all the LiBr solutions, meaning 
that the electric potential of the cold electrode is positive with respect to the hot one. 
Therefore, electrons diffuse from the hot zone to the cold zone and the hot electrode is 
the anode of the thermogalvanic pair [19, 50, 52], in agreement with the ZRA results for 
ithm. 
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The similar slopes in Figure 5 indicate that the Seebeck coefficient does not depend on 
the LiBr concentration and remains approximately constant. This fact can be explained 
in terms of LiBr concentrations, higher than 31 wt.%. Other authors [18, 48, 50] have 
found that in several solutions (CuSO4 and LiBr) whose concentrations were higher 
than 6.4 wt.%, the value of Seebeck coefficient did not depend on the electrolyte 
concentration.  
 
EIS measurements 
 
EIS spectra 
 
By way of illustration, Figure 6 shows the evolution of the impedance response of the 
cold and hot copper electrodes immersed in 700 g/l LiBr solution before and after the 
thermogalvanic coupling (BTC and ATC, respectively), in the form of Nyquist and 
Bode-phase plots. Three time constants can be discerned in the Bode plots, as it has 
been reported in numerous studies concerning copper behaviour against corrosion in 
halide solutions [56-59]. At high frequencies, the phase angle drops to 0 degrees as 
frequency increases; this response is typical of resistive behaviour and corresponds to 
the electrolyte resistance. At intermediate frequencies, the Bode plots show two phase 
maxima close to 45 degrees, which is characteristic of diffusion processes [29, 58]. In 
the low frequency region, phase angle values do not decrease with decreasing 
frequencies, but remain constant or even increase slightly.  
 
In the Nyquist plots, a semicircle in the high frequency region is followed by a diffusion 
tail in the intermediate and low frequency region, characteristic of Warburg impedance 
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behaviour related to diffusion processes (enlarged plots in Figure 6). This implies that 
copper corrosion in LiBr solutions can be diffusion controlled, which is in accordance 
with reactions (1) and (2) taking place within the region of apparent Tafel behaviour 
(Figure 2). This mass transfer process is the diffusion of the soluble complex CuBr2
-
 
framed in the process of copper active corrosion. 
 
The first time constant observed at high-intermediate frequencies (≈ 1 kHz) in Figure 6 
corresponds to a maximum phase angle and is related to charge transfer processes. 
Before thermogalvanic coupling, e cold electrodes have higher phase angles in this 
region than the hot electrodes. After thermogalvanic coupling, both electrodes reach 
higher phase angle values than before coupling, evidencing that the resistance to charge 
transfer is somewhat increased after 6 hours of thermogalvanic coupling. The second 
time constant observed at low-intermediate frequencies (≈ 1-10 Hz) in the Bode-phase 
diagrams of Figure 6 is related to the corrosion products formed on the copper surface. 
In general, the anode of the thermogalvanic pair (the hot electrode) has higher phase 
angle values than the cathode (the cold electrode), indicating a slightly better capacitive 
behaviour of the hot electrode after coupling. Nevertheless, these phase angle values are 
rather low, and the layer of corrosion products cannot be regarded as an insulator, since 
it offers little protection to the electrode. It can be noticed from the Nyquist plots in 
Figure 6 that before thermogalvanic coupling the cold electrode has the best resistive 
behaviour. In general, the resistive behaviour of the hot electrode (the anode of the pair) 
improves after thermogalvanic coupling (with the exception of the 25-100º C test), 
whereas the resistive behaviour of the cold electrode (the cathode of the pair) gets worse 
with coupling time. 
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Electrical equivalent circuit 
 
The EIS spectra of the cold and hot copper electrodes immersed in the three LiBr 
solutions before and after thermogalvanic coupling have been analysed by fitting the 
data to the electrical equivalent circuit shown in Figure 7, which has been used 
elsewhere to model the copper/electrolyte interface in the presence of chlorides [27, 30, 
36, 56, 58, 60-62]. In this equivalent circuit, RS represents the electrolyte resistance. 
CPE1 is the electrical double layer capacitance which behaves as a non-ideal capacitor. 
This double layer capacitance is connected in parallel to the Faradaic impedace, which 
is composed of a charge transfer resistance (R1) corresponding to the CuBr and CuBr2
-
 
formation reactions, eqs. (1a) and (1b), the capacitance and resistance of the layer of 
corrosion products formed on the copper surface (CPE2 and R2, respectively) and a 
finite Warburg impedance or OFLD element (Open Boundary Finite Length Diffusion 
Model). The OFLD element is used to take into account diffusion processes with finite 
diffusion layer, assuming that the Nernst diffusion layer thickness is comparable to the 
distance travelled by diffusing species. In the present case, diffusion occurs due to the 
partial obstruction of mass transfer by the corrosion product layer formed on the 
electrode surface (mainly CuBr, eq. (1a)). Hence, as it has been explained above, the 
copper corrosion mechanism in LiBr solutions is not only charge-transfer controlled but 
also mass-transfer controlled due to the diffusion of the soluble complex CuBr2
-
.  
 
A CPE (Constant Phase Element) represents a deviation from the ideal behaviour of a 
capacitor and can be used to replace a conventional capacitance. CPEs are used to 
model surface heterogeneities, roughness effects and variations in properties and/or 
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composition of surface layers [26, 60, 63, 64]. The impedance of a constant-phase 
element is defined as: 
 
                                                   1 jCZQ CPE                                                   (10) 
 
where α is the CPE power and accounts for deviation from ideality of capacitive 
behaviour. Thus, for a perfectly polished surface without heterogeneities, the CPE 
power yields a value of α = 1 and represents an ideal capacitor. For real electrodes, α < 
1. When there are diffusion processes, α is close to 0.5. 
 
The equation of the OFLD element used to model CuBr2
- 
diffusion through the 
corrosion product layer is: 
 
                                              
 


jY
jB
OFLDZW



0
tanh
)(                                          (11) 
 
 
where B = l / (D)
1/2
, D is the diffusion coefficient, l is the diffusion layer thickness, Y0 = 
(σ(2)1/2)-1 and σ is the Warburg coefficient. Since the Warburg coefficient is inversely 
proportional to the admittance Y0, the higher this coefficient the higher the mass-transfer 
resistance. Therefore, from the parameters B and Y0, the diffusion layer thickness l, 
which can be regarded as equivalent to the corrosion products layer thickness, and the 
Warburg coefficient can be calculated.  
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The diffusion coefficient of the CuBr2
-
 complex has been calculated from the diffusion 
coefficient of Br
-
 in the different LiBr solutions at the different temperatures, supposing 
that  
2CuBr
4DD
Br
as Deslouis et. at. did for CuCl2
-
 [65]. The values of DBr- in the 
different LiBr solutions at the different temperatures have been calculated from data for 
LiBr solutions at 25º C [66], using the Stokes-Einstein equation for diffusivity. This 
equation is derived from continuum fluid mechanics and classical thermodynamics for 
the motion of large spherical particles in a liquid. The Stokes-Einstein equation is [67]: 
 
                                                        
BA
AB
r
kT
D
6
                                                      (12) 
 
where A refers to the solute and B refers to the solvent, D is the diffusion coefficient, k 
is Boltzman Constant (1.38·10
-23
 J/K), μ is the dynamic viscosity of the pure solvent (in 
Pa·s), T is the temperature and r is the solute molecule radius. Since k and rA do not vary 
with temperature, an approximate dependence of the diffusion coefficient on 
temperature in liquids can be found by using the following expression derived from 
Stokes-Einstein equation: 
 
                                                          
1
2
2
1
2
1
T
T
T
T
T
T
D
D


                                                      (13) 
 
Viscosity values of pure water at different temperatures have been determined from 
bibliographic data [66]. Diffusivities of CuBr2
-
 in the LiBr solutions at different 
temperatures are in the range of 5·10
-6
 – 3·10-5 cm s-2. These values are of the same 
order of magnitude as the diffusion coefficient for CuCl2
-
 species in 1 M HCl at 25º C 
[62]. 
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The stability of the system is crucial for the validity of EIS measurements. In order to 
validate the EIS data and examine the system with respect to the linearity, causality and 
stability, the Kramers–Kronig transforms have been applied to the experimental 
impedance data by transforming the real axis into the imaginary axis and the imaginary 
axis into the real axis and then comparing the transformed quantities with the respective 
experimental data. Only those experimental data satisfying the four physical conditions 
of causality, stability, linearity, and finiteness, can be used to describe the properties of 
the systems in terms of LST (Linear Systems Theory) and hence linear models. Figure 
8 has been obtained for the test 25-75º C in the 992 g/l LiBr solution, where the system 
seems not to be stable (see Eth values in Figure 4c). This figure shows good agreement 
between the set of the impedance data and corresponding K–K transforms, 
demonstrating that the system satisfies the constraints of LST and is therefore stable. 
 
The equivalent circuit parameters calculated for the cold and hot copper electrodes 
before and after thermogalvanic coupling (BTC and ATC, respectively) in the different 
LiBr solutions are presented in Tables 3-5. The chi-square values, χ2, are on the order of 
10
-3
-10
-4
, which indicates the goodness of fit of the equivalent circuit used in this work. 
The values of the charge transfer resistance, R1, decrease with increasing temperatures 
and increase with coupling time, meaning that temperature favours charge transfer on 
the electrodes surface, while immersion time makes charge transfer somewhat difficult. 
Nevertheless, electrode polarity seems to have no noticeable effect on this parameter, 
since the tendency of the anode and cathode of the thermogalvanic pair is similar. It can 
also be noticed that R1 values are rather small and close to the electrolyte resistance, RS, 
implying that the charge transfer process of copper electrodissolution takes place 
spontaneously and actively. The values of the double layer capacitance, C1, are 
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consistent with observations for double layer capacities at the metal/electrolyte 
interface, typically in the range of 10 to 40 μF/cm2 [68, 69]. C1 values do not show a 
clear tendency with temperature, coupling time or electrode polarity. CPE power values 
for the first capacitance, α1, are slightly lower than unity, indicating that the behaviour 
of the electrical double layer corresponds to a capacitor with some imperfections. 
 
The second time constant, represented by (R2//CPE2) in Figure 7 has been related to the 
surface layer formed by corrosion products (mainly CuBr according to eqs. (1a) and 
(3)). The resistance of this layer, R2, is higher than the charge transfer resistance, R1, 
taking values from 60 to 500 Ω cm2. However, R2 values are rather low compared with 
those obtained for passive films formed on austenitic stainless steels in the same heavy 
brine LiBr solutions, whose order of magnitude is hundreds of kΩ cm2 [18]. As shown 
in Tables 3-5, R2 tend to decrease with increasing temperature before thermogalvanic 
coupling, indicating a worse corrosion behaviour of copper at higher temperatures. By 
contrast, with coupling time, R2 tends to increase in the anode of the pair (the hot 
electrode) and tends to decrease in the cathode (the cold electrode). This fact can be 
related to the thickness of the surface layer, since this layer tends to grow as copper 
electrodissolution progresses in the anode, whereas it grows to a lesser extent on the 
cathode surface where it can be further electrochemically reduced during 
thermogalvanic coupling. The polarisation resistance, RP, has been calculated as R1 + R2, 
and represents the total resistance of charge transfer processes, whereas diffusion is 
modelled by the Warburg component. Since the main contribution to Rp is the layer of 
corrosion products, its tendency with temperature and coupling time is the same as R2. 
The values of the surface layer capacitance, C2, are very high, of the order of 10
-3
 – 10-2 
F cm
-2
, indicating that the layer has no insulating properties. Moreover, α2 values 
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deviate greatly from 1, indicating severe surface heterogeneity and a very porous nature. 
Values of α2 close to 0.5 evidence the presence of a diffusion process, supporting the 
use of a finite-length Warburg element (OFLD) to model mass transfer phenomena. 
Hence, the relatively low values of R2 and the high values of C2 verify the high 
defectiveness and the low protective properties of the CuBr layer. 
 
The corrosion product layer thickness, δ, and the Warburg coefficient, σ, have been 
calculated from the parameters of the OFLD model. In general, thickness increases with 
thermogalvanic coupling time in the anode of the pair (hot electrode) and decreases in 
the cathode (cold electrode). These results are in accordance with the R2 values and 
suggest that the formation of a CuBr layer through the active electrodissolution of 
copper, eqs. (1a) and (3), takes place predominantly on the anode surface, while 
reduction processes take place primarily on the cathode surface. In some cases, the 
thickness of the surface layer also increases in the cathode after thermogalvanic 
coupling. The polarity of the electrodes is determined by the predominant behaviour as 
anode or as cathode; hence, the cathode of the pair could undergo some degree of 
dissolution, which is reflected by the formation of a corrosion product layer. As for the 
Warburg coefficient, σ, its value decreases with temperature, indicating a decrease in 
mass transfer resistance at higher temperatures, except for the 992 g/l LiBr solution. No 
effect of electrode polarity on the Warburg coefficient can be noticed from Tables 3-5.  
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Conclusions 
 
Potentiodynamic polarisation curves for copper in heavy brine LiBr solutions exhibit 
different anodic regions: (1) apparent Tafel behaviour region, where the formation of 
CuBr and CuBr2
-
 species occurs by a two-stage process which is controlled both by the 
electrodissolution process and the diffusion of complex CuBr2
- 
species; (2) : maximum 
and limit current density region, where the formation and growth of a porous and very 
insoluble CuBr layer takes place; and (3) high potential region, where the CuBr layer 
dissolves and Cu(II) species such as CuO are formed. 
 
From the potentiodynamic polarisation curves, it can be said that temperature negatively 
affects the corrosion behaviour of copper in heavy brine LiBr solutions, since Ecorr shifts 
towards more negative values and current density values increase with increasing 
temperature. 
 
The anodic member of the thermogalvanic pair is the hot copper electrode in the three 
LiBr solutions under study. Moreover, temperature enhances the anodic behaviour of 
the hot copper electrodes. Rates of copper loss are by far higher than 0.025 mm year
-1
, 
which is regarded as the threshold of low corrosion rates. Moreover, thermogalvanic 
current density values also increase (in absolute value) with coupling time, without 
reaching a steady state, leading to rapid deterioration of process equipment. Thus, it can 
be said that thermogalvanic corrosion of copper in heavy brine LiBr solutions is severe 
and must be taken into account when designing heat exchangers in absorption plants. 
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Seebeck coefficients are negative for all the LiBr solutions, meaning that the electrons 
diffuse from the hot zone to the cold zone and the hot electrode is the anode of the 
thermogalvanic pair, in agreement with the ZRA results for ithm. 
 
The EIS plots show three time constants, related to charge transfer on the electrode 
surface, the properties of the CuBr layer and the diffusion of the soluble CuBr2
- 
complex, respectively. The charge transfer process responsible for the formation of 
CuBr and CuBr2
-
 is enhanced by temperature, although it is not affected by electrode 
polarity. The thickness (δCuBr) and the resistance (R2) of the corrosion product layer  
increase on the anode surface after thermogalvanic coupling, whereas R2 and δCuBr 
decrease on the cathode surface. 
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Tables captions 
 
Table 1. 
Values of Ecorr and icorr for copper in 400, 700 and 992 g/l LiBr solutions at 25, 50, 75 and 100º C. 
 
Table 2. 
Rates of copper loss in 400, 700 and 992 g/l LiBr solutions at different temperatures, in presence of 
thermogalvanic coupling (by ithm). 
 
Table 3. 
Calculated equivalent circuit parameters for cold and hot copper electrodes before and after the 
thermogalvanic coupling (BTC and ATC, respectively) in the 400 g/l LiBr solution. 
 
Table 4. 
Calculated equivalent circuit parameters for cold and hot copper electrodes before and after the 
thermogalvanic coupling (BTC and ATC, respectively) in the 700 g/l LiBr solution. 
 
Table 5. 
Calculated equivalent circuit parameters for cold and hot copper electrodes before and after the 
thermogalvanic coupling (BTC and ATC, respectively) in the 992 g/l LiBr solution. 
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Figures captions 
Fig. 1.  
Electrochemical cell used for thermogalvanic corrosion tests. 
Fig. 2.  
Potentiodynamic polarisation curves for copper in the 700 g/l LiBr solution at 25, 50, 75 and 100º C. 
Fig. 3. 
Mean values of thermogalvanic current density registered between the pair cold copper – hot copper 
during each hour of the test at different imposed temperature gradients in the (a) 400 g l
-1
 LiBr, (b) 700 g 
l
-1
 LiBr and (c) 992 g l
-1
 LiBr solutions. 
 
Fig. 4. 
Mean values of thermogalvanic potential registered between the pair cold copper – hot copper during 
each hour of the test at different imposed temperature gradients in the (a) 400 g l
-1
 LiBr, (b) 700 g l
-1
 LiBr 
and (c) 992 g l
-1
 LiBr solutions. 
 
Fig. 5. 
Thermogalvanic potential (Eth) vs. temperature gradient (ΔT) for the three LiBr solutions under study. 
 
Fig. 6. 
Nyquist and Bode-phase plots for the pair cold copper – hot copper at OCP in the 700 g l-1 LiBr solution 
at the temperature gradients of (a) 25ºC-25ºC, (b) 25ºC-50ºC, (c) 25ºC-75ºC and (d) 25ºC-100ºC, before 
and after the thermogalvanic coupling (BTC and ATC, respectively). 
 
Fig. 7. 
Representation of the equivalent circuit proposed for the interpretation of EIS spectra of copper in the 
LiBr solutions under study. 
 
Fig. 8. 
Kramers–Kronig transforms of EIS data for the hot copper electrode after thermogalvanic coupling in the 
992 g/l LiBr solution. 
CLiBr/g l
-1
 T/ºC Ecorr vs (Ag/AgCl)/mV icorr/µA cm
-2
 βa/mV 
400 25 -339 ± 21  10.36 ± 2.62 61.5 
 50 -345 ± 5 19.63 ± 3.12 60.6 
 75 -450 ± 16 37.16 ± 0.35 61.7 
     
700 25 -399 ± 6 21.02 ± 7.85 63.3 
 50 -407 ± 4 28.87 ± 6.33 62.4 
 75 -424 ± 11 50.78 ± 3.31 62.8 
 100 -492 ± 9 36.16 ± 4.22 61.5 
     
992 25 -481 ± 11 13.36 ± 3.29 61.9 
 50 -463 ± 17 29.84 ± 0.20 54.9 
 75 -490 ± 5 36.71 ± 2.10 59.6 
 100 -519 ± 9 31.01 ± 2.07 61.2 
 
 
 
Table 1
CLiBr/g l
-1
 Test |ithm|/µA cm
-2
 mithm/mm year
-1
 
400 25ºC-50ºC 13.05 0.303 
 25ºC-75ºC 23.89 0.555 
    
700 25ºC-50ºC 11.62 0.270 
 25ºC-75ºC 55.98 1.301 
 25ºC-100ºC 139.26 3.236 
    
992 25ºC-50ºC 3.74 0.087 
 25ºC-75ºC 8.91 0.207 
 25ºC-100ºC 20.49 0.476 
 
 
   
Table 2
  
 
Electrode RS/Ω cm
2
 R1/Ω  cm
2
 C1/F cm
-2
  R2/Ω  cm
2
 RP/Ω  cm
2
 C2/F cm
-2
  δ/µm σ/Ω cm
2 
s
-1/2
 χ2 
25ºC-25ºC            
Cold and hot (BTC) 1.13 22.48 2.34·10
-5 
0.91 527.91 550.39 0.003 0.49 124 192 5.8·10
-4
 
Cold (ATC) 1.20 13.01 1.38·10
-5
 0.85 252.25 265.26 0.001 0.56 134 70 7.0·10
-4
 
Hot (ATC) 1.10 13.22 2.15·10
-5
 0.87 589.95 603.17 0.003 0.52 98 139 7.0·10
-4
 
            
25ºC-50ºC            
Cold (BTC) 1.13 22.48 2.34·10
-5 
0.91 527.91 550.39 0.003 0.49 124 192 5.8·10
-4
 
Hot (BTC) 0.90 2.18 1.62·10
-5
 0.93 155.82 158.00 0.004 0.40 112 17 9.9·10
-4
 
Cold (ATC) 1.13 21.94 3.54·10
-5
 0.88 577.87 599.81 0.002 0.47 89 479 2.5·10
-3
 
Hot (ATC) 0.97 17.75 2.67·10
-5
 0.82 168.90 186.65 3·10
-4
 0.50 255 67 2.7·10
-3
 
            
25ºC-75ºC            
Cold (BTC) 1.13 22.48 2.34·10
-5 
0.91 527.91 550.39 0.003 0.49 124 192 5.8·10
-4
 
Hot (BTC) 0.68 0.76 2.69·10
-5
 0.98 249.50 250.26 0.067 0.44 111 140 1.1·10
-3
 
Cold (ATC) 1.09 32.48 2.79·10
-5
 0.91 397.95 430.43 0.001 0.51 113 64 8.7·10
-4
 
Hot (ATC) 0.67 2.18 1.96·10
-5
 0.98 168.40 170.58 0.038 0.41 134 191 5.9·10
-4
 
Table 3
 Electrode RS/Ω cm
2
 R1/Ω cm
2
 C1/F cm
-2
  R2/Ω cm
2
 RP/Ω cm
2
 C2/F cm
-2
  δ/µm σ/Ω cm
2 
s
-1/2
 χ2 
25ºC-25ºC            
Cold and hot (BTC) 1.32 7.14 2.64·10
-5 
0.88 506.87 514.01 0.024 0.48 139 145 6.3·10
-4
 
Cold (ATC) 1.42 16.49 2.33·10
-5
 0.91 346.50 362.99 0.003 0.47 147 46 8.2·10
-4
 
Hot (ATC) 1.32 24.37 2.50·10
-5
 0.89 265.20 289.57 0.002 0.50 173 29 8.5·10
-4
 
            
25ºC-50ºC            
Cold (BTC) 1.32 7.14 2.64·10
-5 
0.88 506.87 514.01 0.024 0.48 139 145 6.3·10
-4
 
Hot (BTC) 0.99 0.41 2.18·10
-5
 0.98 67.82 68.23 0.028 0.42 171 42 6.1·10
-4
 
Cold (ATC) 1.23 19.32 2.69·10
-5
 0.87 180.00 199.32 0.001 0.53 202 30 1.1·10
-3
 
Hot (ATC) 0.98 8.36 2.10·10
-5
 0.94 449.00 457.36 0.069 0.39 127 21 4.3·10
-4
 
            
25ºC-75ºC            
Cold (BTC) 1.32 7.14 2.64·10
-5 
0.88 506.87 514.01 0.024 0.48 139 145 6.3·10
-4
 
Hot (BTC) 0.71 0.59 2.68·10
-5
 0.95 86.77 87.36 0.074 0.44 143 90 8.5·10
-4
 
Cold (ATC) 1.33 20.13 4.38·10
-5
 0.78 152.50 172.63 0.002 0.49 152 26 5.9·10
-4
 
Hot (ATC) 0.73 2.18 2.17·10
-5
 0.97 114.69 116.87 0.035 0.41 155 213 8.9·10
-4
 
            
25ºC-100ºC            
Cold (BTC) 1.32 7.14 2.64·10
-5 
0.88 506.87 514.01 0.024 0.48 139 145 6.3·10
-4
 
Hot (BTC) 0.59 0.94 2.94·10
-5
 0.96 204.94 205.88 0.098 0.48 113 123 7.6·10
-4
 
Cold (ATC) 1.21 7.58 2.47·10
-5
 0.95 108.60 116.18 0.002 0.45 142 23 7.7·10
-4
 
Hot (ATC) 0.61 1.14 2.59·10
-5
 0.99 63.01 64.15 0.025 0.45 137 143 1.9·10
-3
 
Table 4
 Electrode RS/Ω cm
2
 R1/Ω cm
2
 C1/F cm
-2
  R2/Ω cm
2
 RP/Ω cm
2
 C2/F cm
-2
  δ/µm σ/Ω cm
2 
s
-1/2
 χ2 
25ºC-25ºC            
Cold and hot (BTC) 1.69 11.62 3.41·10
-5 
0.85 319.94 331.56 0.002 0.44 228 93 6.8·10
-4
 
Cold (ATC) 1.29 3.50 1.95·10
-5
 0.68 102.50 106.00 0.002 0.47 266 53 1.2·10
-3
 
Hot (ATC) 1.20 8.41 2.07·10
-5
 0.83 133.00 141.41 0.005 0.41 133 149 4.9·10
-3
 
            
25ºC-50ºC            
Cold (BTC) 1.69 11.62 3.41·10
-5 
0.85 319.94 331.56 0.002 0.44 228 93 6.8·10
-4
 
Hot (BTC) 1.17 4.92 4.20·10
-5
 0.89 79.29 84.21 0.078 0.41 130 619 3.9·10
-4
 
Cold (ATC) 1.68 61.07 4.87·10
-5
 0.83 94.78 155.85 0.003 0.46 181 309 3.7·10
-3
 
Hot (ATC) 1.32 8.14 2.10·10
-5
 0.91 266.45 274.59 0.041 0.44 391 527 7.6·10
-4
 
            
25ºC-75ºC            
Cold (BTC) 1.69 11.62 3.41·10
-5 
0.85 319.94 331.56 0.002 0.44 228 93 6.8·10
-4
 
Hot (BTC) 0.92 0.64 2.35·10
-5
 0.98 127.14 127.78 0.225 0.43 126 620 9.7·10
-4
 
Cold (ATC) 1.61 21.88 3.64·10
-5
 0.85 205.00 226.88 0.009 0.45 151 228 3.2·10
-3
 
Hot (ATC) 0.90 1.28 2.19·10
-5
 0.94 152.70 153.98 0.051 0.43 384 308 1.8·10
-3
 
            
25ºC-100ºC            
Cold (BTC) 1.69 11.62 3.41·10
-5 
0.85 319.94 331.56 0.002 0.44 228 93 6.8·10
-4
 
Hot (BTC) 0.66 1.49 3.13·10
-5
 0.96 58.36 59.85 0.011 0.46 260 507 6.6·10
-4
 
Cold (ATC) 1.56 21.69 4.49·10
-5
 0.88 56.09 77.78 0.001 0.53 139 262 9.5·10
-3
 
Hot (ATC) 0.69 3.74 3.30·10
-5
 0.96 83.75 87.49 0.008 0.47 361 553 8.6·10
-4
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